We present a method for the first-principles calculation of nuclear magnetic resonance (NMR) J-coupling in extended systems using state-of-the-art ultrasoft pseudopotentials and including scalar-relativistic effects. The use of ultrasoft pseudopotentials is allowed by extending the projector augmented wave (PAW) method of Joyce et. al [J. Chem. Phys. 127, 204107 (2007)]. We benchmark it against existing local-orbital quantum chemical calculations and experiments for small molecules containing light elements, with good agreement. Scalar-relativistic effects are included at the zeroth-order regular approximation (ZORA) level of theory and benchmarked against existing local-orbital quantum chemical calculations and experiments for a number of small molecules containing the heavy row six elements W, Pt, Hg, Tl, and Pb, with good agreement. Finally, 1 J(P-Ag) and 2 J(P-Ag-P) couplings are calculated in some larger molecular crystals and compared against solid-state NMR experiments. Some remarks are also made as to improving the numerical stability of dipole perturbations using PAW.
I. INTRODUCTION
Modern high resolution solid-state NMR experiments 1,2 are a valuable tool for materials characterisation due to their sensitivity to the local atomic environment. Importantly, solid-state NMR can provide information on materials with compositional, positional or dynamic disorder 3 . However, there is no straight-forward analytic technique to obtain atomic-level structure directly from an NMR spectrum; a 'Bragg's law' for NMR. Instead, one must pursue computational-theoretical prediction of the NMR parameters that influence a spectrum in order to fully take advantage of the information present to interpret and assign spectra. First principles predictions of NMR parameters can also assist in the design of NMR experiments, such as determining observability and orientation of tensors. Overall, first-principles calculations offer the ability to fully exploit the information in experimental NMR data.
The sensitivity of NMR experiments to molecular geometry and electronic structure is a 'double-edged sword,' being both an important chemical probe and a challenge to the computational theorist. For small, finite, systems, NMR parameters such as magnetic shielding, electric field gradients and J-coupling can be routinely calculated with quantum chemical methods based on local orbitals and have demonstrated value in assigning solution-state spectra 4 . Treatment of solid-state NMR systems with these methods requires the creation of finite-clusters, which need careful convergence with respect to the size of the cluster to ensure that the appropriate electronic environment is reconstructed. They also require careful selection of the basis set used to represent a) Electronic mail: tim.green@materials.ox.ac.uk b) Electronic mail: jonathan.yates@materials.ox.ac.uk the wave function to ensure numerical convergence. A planewave approach with pseudopotentials is appealing for its algorithmic efficiency, automatic inclusion of periodic boundary conditions and easy systematic convergence of basis sets via the maximum kinetic energy of the waves used. However, since such calculations require the use of pseudopotentials, the calculated pseudo-wave function is non-physical near the nucleus, the very region that is so influential to NMR parameters. The development of the gauge-including projector augmented wave (GIPAW) method 5 has enabled calculations of magnetic shielding in extended systems using pseudopotentials by reconstructing the form of the all-electron wavefunction near the nucleus. Extensive reviews are available in Refs. 6 and 7. This paper concerns itself with the theoretical prediction of NMR J-coupling, or indirect spin-spin coupling, particularly in solid-state systems with heavy ions. Jcoupling is the indirect magnetic coupling between two nuclei mediated via the bonding electrons. It manifests in NMR spectra as fine structure splitting of resonant peaks, providing information on bonds such as strength, angles and the connectivity network. J-coupling has been wellstudied in the gas and solution state for many decades, as the multiplet splitting in peaks is well resolved due to molecular tumbling decoupling anisotropic interactions. In contrast, solid-state J-coupling studies are more challenging due to anisotropic broadening. Recent advances in solid-state NMR experiments, such as higher MAS spinning rates (up to 90KHz) and ultra-high magnetic field strengths (up to 23.3T), have resulted in increased experimental and theoretical interest 8 in measurements of J.
Joyce et al. 9 developed a method to calculate Jcoupling constants from first-principles in extended systems within a planewave-pseudopotential densityfunctional theory (DFT) framework, using PAW to reconstruct the all-electron properties of the system. This method has been validated for a small number of sys-tems containing light atoms against quantum chemical calculations and against experimental data [10] [11] [12] [13] [14] . There is great interest in making this a 'full periodic table' method, i.e. being able to reliably treat systems containing any elements. However, it is known 15, 16 that Jcoupling in systems containing heavy ions is extremely sensitive to the effects of special relativity. This is because both core states and valence states near the nucleus attain high kinetic energy and so should be treated using the Dirac equation, leading to contraction in the wave function and corrections to the operators representing electromagnetic (EM) interactions. Scalar relativistic effects (i.e. ignoring spin-orbit terms) in particular have been found to be the dominant correction in full fourcomponent Dirac equation calculations 16 , at least for one-bond couplings. Autschbach and Ziegler 17, 18 developed the application of the zeroth-order regular approximation (ZORA), an approximation to the Dirac equation, using DFT to the prediction of J-coupling in an all-electron, local orbital framework. Yates et al. 19 developed the use of ZORA with pseudopotentials and PAW for the calculation of NMR chemical shifts in systems containing heavy ions. In this paper we will incorporate the scalar-relativistic terms of Autschbach and Ziegler's ZORA approach within a planewave pseudopotential DFT 20 framework to give a highly efficient method for predicting J-coupling within extended systems containing heavy ions at negligible extra computational cost as compared to the non-relativistic method. We also provide some improvements to the non-relativistic method of Joyce et al. 9 , removing some of the numerical difficulties present in that approach, and generalising the method to use state-of-the-art ultrasoft pseudopotentials 21 . We carefully benchmark our planewave-pseudopotential implementation against both experiment and existing quantum chemical calculations, and conclude by examining the effects of relativity on J-couplings in two Agcontaining molecular crystals.
II. THEORY

A. Introduction
We will proceed by first reviewing the derivation of the zeroth-order regular approximation from the Dirac equation. Then we will show how a scalar-relativistic theory of NMR J-coupling can be derived from the ZORA Hamiltonian. We then discuss Blöchl's PAW as a general formalism for the calculation of all-electron properties from pseudopotential calculations and derive a form of the scalar-relativistic theory that is suitable for efficient pseudopotentials calculations.
B. Zeroth-order regular approximation
We start with the time-independent single particle Dirac equation 22 for an electron in Hartree atomic units,
where α and β are the Dirac matrices and in the case of density-functional theory 23 V represents the nuclear, Hartree and exchange-correlation potentials. The wave function ψ is a complex four-component spinor, alternatively expressed in terms of the small component χ and the large component φ. We can eliminate the small component χ by substitution,
and retrieve an energy-dependent Hamiltonian in the large component φ only:
To normalize φ we introduce a normalization operator O = 1 +X †X and so we find the transformed Hamiltonian:Ĥ
The standard expansion ofX andĤ esc in (E − V )/(2c 2 ) to give the relativistic Pauli approximation is appropriate when the classical velocity of the electrons is small compared to the speed of light. This breaks down for a nuclear Coulomb potential. Instead, following van Lenthe 24,25 , we expand in 1/(2c 2 − V ), which is justified even near the singularity of a nuclear Coulomb potential. This giveŝ
To lowest order the expansion ofÔ in 1/(2c 2 −V ) gives the identity, so we find that the first two terms of Eqn. 5 are the ZORA Hamiltonian:
where K effectively determines the local influence of relativity on the system (Fig. 1) ,
It is known that ZORA describes valence states in many-electron systems well 25, 26 , while describing core states less well. However, as valence states are the main contributors to J-coupling it should provide an appropriate level of theory for the present work.
Substituting the canonical momentum for a magnetic vector potential A,p → π =p + A, and expanding we obtain the ZORA Hamiltonian in a magnetic field:
It can be observed that for K = 1 the ZORA Hamiltonian reduces to the nonrelativistic Levy-Leblond Hamiltonian 27 plus spin-orbit coupling. The right hand side of 8a corresponds to the EM-free ZORA Hamiltonian. We concentrate on the scalar-relativistic terms, parts 8b and 8c, so we neglect the third term of 8a, representing spin-orbit coupling. However, we note that the effect of spin-orbit coupling on J-coupling can be significant in some compounds 18, 28 .
C. NMR J-coupling
In NMR, indirect spin-spin coupling or J-coupling is an interaction between two nuclear moments due to indirect coupling mediated by the electrons in the system. The first analysis of this interaction came with Ramsey and Purcel 29 and Ramsey 30 , who decomposed the interaction into four mechanisms: two due to interactions of the electron spins with the nuclear moments and two due to electron currents induced by the nuclear moments. When spin-orbit coupling is neglected these can be treated separately. Following Ramsey's second-order perturbation analysis, the reduced spin coupling tensor, K AB between nuclei A and B, can be expressed as a second derivative of the system energy with respect to the two interacting nuclear moments, µ = γ I, where γ is the nucleus' gyromagnetic ratio and I is the nucleus' spin:
We can then express the observed J tensor in terms of the reduced spin coupling tensor,
For our system of nuclear dipole moments the magnetic vector potential is, in the symmetric gauge with (r N = r − R N ), A = N α 2 µ N ×rN |rN | 3 , where α is the finestructure constant. Determining the derivatives of the ZORA Hamiltonian in this A-field with respect to the interacting nuclear magnetic moments will allow us to use second-order perturbation theory to calculate K AB . We will use superscripts to represent order of perturbation with respect to the perturbation parameters µ A and µ B : 
We can choose to split the spin term into a spin-dipole analogue, KĤ
(1,0) SD , plus a Fermi-contact analogue:
All the terms reduce to the non-relativistic versions 9 in the limit c → ∞, that is, K = 1 and ∇K = 0. We see changes for the relativistic case, K = 1, especially in the case of the Eqn. 13 where term 13c is non-zero and the term 13a (equivalent to the Fermi-contact term) is zero for a nuclear Coulomb potential, neglecting finite-size nucleus effects. Finite-size nucleus effects have been found 31 to be somewhat significant in certain circumstances, contributing a 10 to 15% reduction in isotropic J-couplings between heavy elements in the sixth row of the periodic table and light elements, and larger between two heavy elements.
We can now proceed to calculate K by separating it into contributions from the interactions of the nuclear magnetic moments mediated by the electron spin, K Z-spin , Eqn. 13, and from the interactions of the nuclear magnetic moments mediated by the electron charge current, K Z-orb , Eqn. 11b and 12c.
D. Spin magnetization density
To calculate the contribution from the electron spin density we first find an expression for the magnetization density induced by a perturbing nuclear moment. From this we can compute the magnetic field induced at all of the other nuclei in the system.
We take the wave function to be a product of spinrestricted independent electron orbitals ψ, with a spin index σ. The magnetization density induced by a nuclear magnetic moment aligned along the u j direction, m j , is calculated by summing the magnetization density induced when applying the perturbation with the spin quantized along each direction u k .
where m jk (r) is given by
and the first order response in the wave function, |ψ
(1) oσjk , is given by
where ǫ o and ǫ e are the eigenvalues of the occupied and empty bands respectively, e is a sum over empty bands andĤ (1) xc is the self-consistent first order variation in the Kohn-Sham exchange-correlation potential due to the first order change in the spin density:
where m
(1) is the first order magnetization density. As there is a first-order change in the Hamiltonian, we solve Eqn. 17 self-consistently by iteration.
Given the first order variation in the wave functions, the full expression for the spin term contribution to K is, with an implicit rotation over the spin axes,
We can rearrange this expression to get the effective spin coupling in terms of the induced magnetisation, including an implicit rotation over the spin axes,
E. Current density
To calculate the contribution from the electron charge current density to K we first find an expression for the current density induced by a perturbing nuclear moment and subsequently the magnetic field induced at the receiving magnetic moment. As with the induced spinmagnetization density, we can calculate the induced magnetic field at all the receiving nuclei from this induced current density.
To first order the current perturbation term,Ĥ (0,1) Z-para,j , does not modify the magnetization density or the charge density so there is no first order change in the selfconsistent potential. The first order variation in the orbitals is therefore
where G(ǫ) is Green's function,
in which ǫ o and ǫ e are the eigenvalues of the occupied and empty bands respectively and e is a sum over empty bands.
From second order perturbation theory we can write down K Z-orb :
From the first order variation in the orbitals we can re-arrange Eqn. 24 to find the induced current:
where our modified paramagnetic and diamagnetic current operators have the form
and so the orbital current contribution to K is simply the Biot-Savart law acting on the induced current:
(28)
F. Projector augmented wave
The expressions derived in Sections II D and II E cannot be directly applied in a pseudopotential based formalism. The use of pseudopotential implies that the valence wave functions have a non-physical form in the region close to the nucleus; the all-electron operators used in Sections II D and II E are sensitive to the precise form of the wavefunctions near to the nuclei. The standard approach to deal with this problem is the projector augmented wave (PAW) formalism introduced by Van de Walle and Blöchl 32, 33 . PAW provides a practical way to transform an operator acting on the all-electron wavefunction (AE) |ψ into an operator acting on the pseudowavefunction (PS) |ψ , allowing pseudopotentials to be used in calculations of properties that are sensitive to the form of the wavefunction near the nucleus. In particular, PAW proposes a linear transformation T ,
such that T |ψ = |ψ where φ i andφ i are atomiclike AE and PS partial waves at each atomic site for the spherically symmetric atom and pseudo-atom. The AE and PS partial waves form a complete basis within the augmentation region (r < r c ) and are equal outside. The functions p i are the corresponding projectors toφ i , defined such that p i |φ j = δ ij and that they vanish outside the augmentation region.
So, for an AE operatorÔ,
we can derive the equivalent pseudo-
This allows us to calculate all-electron properties from pseudopotential calculations. Blöchl notes that there is a degree of freedom in Eqn. 31 to add a term of the form
whereB is an arbitrary local operator acting solely within the augmentation region. We might describe an all electron operatorÔ in terms of a 'fictitious' operator O fict and a 'real' operatorÔ real , which are equal outside the augmentation region:
where f (r) is a cutoff function which is unity for r < r c and zero otherwise and soB =Ô real −Ô fict . If we apply the PAW operator transform toÔ (Eqn. 31) and add Eqn. 32 we find:
(34) This allows us to substitute a new operatorÔ fict , which is easier to numerically represent, for the pseudo calculation, so long as it is equal to the real operator,Ô real , outside the augmentation region, and perform the correction in the PAW augmentation. Blöchl goes on to use this freedom to set pseudopotential theory within the PAW formalism by substituting the real nuclear Coulomb potential of an atom for a smoothed fictitious potential that is more amenable for evaluation in a plane wave basis set.
We can use this technique to better represent the radially divergent part of the magnetic dipole perturbation, for a scalar-relativistic lead atom. Note that K(r) quickly reaches unity and dK dr quickly reaches zero for r ≪ rc = 2.36a0, the pseudopotential cut off radius. Also note that only the 6s orbital has significant character in the region where dK dr ≫ 0 while the 6p has none, meaning the behaviour of the Z-FC term will be similar to the non-relativistic FC term.Ô
which is well represented on a coarser real-space grid and make the correction using Eqn. 34 during PAW augmentation.
G. J-coupling with PAW
Unlike the calculation of NMR magnetic shielding, which requires the use of GIPAW to preserve translational invariance in a magnetic field 5 , the calculation of J-coupling can use a gauge fixed on the perturbing atom and so only standard PAW is required.
We will now apply PAW to the derived ZORA-level scalar-relativistic theory of J-coupling to get pseudooperators in terms of modifications to the non-relativistic operators. The diamagnetic and paramagnetic current operators are simple multiples of K, while the Fermicontact term disappears for a nuclear Coulomb potential and the spin-dipole term turns into a simple multiple of K plus a Fermi-contact-like term which is sharply localised by the gradient of K (Figure 1 ). As the region where K = 1 is localised inside the augmentation region, the operators are equal to their non-relativistic equivalents outside, and so we can apply all these corrections accurately in PAW augmentation for no extra computational cost 19 using Eqn. 34. In the case of the spin contribution, the sharply localised FC/Z-FC perturbation operator can be written as
where we have used the on-site approximation. The SD/Z-SD PAW augmentation is also evaluated on a real radial grid, while the un-augmented contribution is calculated in Fourier space on the augmented magnetization density.
where, using the on-site approximation again,
The total spin contribution to the reduced coupling tensor is then
wherem (1) (G) is the un-augmented spin density in reciprocal space, to which we apply the spin dipole operator and slow Fourier transform at the position of the receiving nucleus
The diamagnetic current operators do not receive PAW augmentation, as we cannot make the off-site approximation due to the complexity of calculating the relevant matrix elements, and so only contributes to the bare current. This has the effect of ignoring the diamagnetic augmented current for off-site nuclei, though the diamagnetic contribution is the smallest J-coupling component and may only be really relevant for the calculation of anisotropic couplings 34 . The PAW augmented paramagnetic operator is
The bare contribution of the paramagnetic current is calculated in Fourier space on the pseudo-current density and is PAW augmented on a real radial grid with an onsite approximation, justified by the short-rangeness of the interaction. The total orbital current contribution is then
wherej (1) (G) is the un-augmented induced current density, paramagnetic and diamagnetic, in Fourier space, to which we apply the Biot-Savart law in reciprocal space and slow Fourier transform at the position of the receiving nucleus.
The total indirect coupling tensor between the two nuclei is then the sum of K Z-spin and K Z-orb .
H. Additional considerations for ultrasoft pseudopotentials
The so-called 'ultrasoft' pseudopotential formalism introduced by Vanderbilt 21 is the most computationally efficient form of pseudopotential generally providing numerically converged results with significantly smaller basis-sets. This is particularly important for elements which require semi-core states to be treated as valence for accurate results e.g. '3p' states in the 3d transition metal series. While ultrasoft potentials are efficient from a user's point of view, there is some additional complexity when implemented in an electronic-structure code. The key ingredient of the ultrasoft scheme is that the norm of the the pseudo partial-waves in the augmentation region is different from that of the corresponding all-electron partial-waves. We can thus define a non-zero charge augmentation term Q R,nm (r):
The norm of a pseudo-wave function can be computed as the expectation value of the pseudo operator1 = S. Using Eqn. 47,
where q R,nm = φ R,n |φ R,m − φ R,n |φ R,m .
As a result, a normalized eigenstate of the pseudo Hamiltonian obeys the generalized equations:
and
The pseudo-HamiltonianH can be derived using Eqn. 31 as
where D R,nm is given by
D 0 R,nm is obtained from the construction of the pseudopotential 35 , and V eff is the screened local potential. We note that the norm-conserving pseudopotential scheme can be regarded as special case in which q R,nm = 0 by definition, and by convention the terms Q R,nm are assumed to vanish. The charge density in the ultrasoft scheme is given by
In practice Q R,nm and hence n(r) would be prohibitively expensive to represent in a planewave basis, and so Q R,nm is replaced by a pseudized augmentation chargeQ R,nm , where the pseudization conserves the electrostatic moments of the charge 35 . The gridrepresentable charge densityn(r) is given bȳ
The ZORA J-coupling operators derived in Section II G are still valid for ultrasoft potentials, as the PAW formulation made no assumption regarding the norm of the partial waves used in the PAW transformation. However, changes are required when computing the first order induced current and magnetization density. Firstly, we note that to avoid a costly sum over unoccupied states the first-order change in the wave functions is computed using a conjugate-gradient minimization 9 . For ultrasoft pseudopotentials the minimization routines must be adapted to allow for the generalised orthonormality condition, Eqn. 51. This can be done straightforwardly following the method outlined in Appendix B of Ref. 36 . Secondly, care must be taken in computing the induced magnetization density. Following the ultrasoft charge density in Eqn. 57 we introduce the magnetization densitym
When using ultrasoft potentials we compute Eqn. 39 usingm
(1) (r) in order to capture off-site contributions to the spin-dipolar contribution. However, this requires that care is taken to subtract from every receiving atom the on-site contribution from the augmentation charge so as not to double count with the PAW on-site augmentation.
In addition, the self-consistent exchange-correlation term, Eqn. 19, should also be augmented to reflect the first order change in the D matrix 37 :
III. CALCULATIONS
The PAW scalar-relativistic theory as proposed has been implemented in the CASTEP planewave DFT code 38 using norm-conserving pseudopotentials 39 and ultrasoft pseudopotentials 21, 35 . In the case of normconserving pseudopotentials this involved modifying only the preparatory calculation of PAW matrix elements, as the pseudo-Hamiltonian remains the same as for the existing non-relativistic theory except for PAW augmentation. In the case of ultrasoft pseudopotentials modifications were needed to address the issues mentioned in Section II H. In addition, PAW is also used to smooth the dipole operator and reconstruct it in real space to provide greater numerical stability with respect to real grid spacing, as described in Eqn. 34.
We will first seek to validate our implementation against all-electron, local orbital basis set quantum chemical predictions and experimental measurements of Jcoupling for both molecules containing light atoms, to be treated non-relativistically, and molecules containing heavy atoms, to be treated relativistically. We will then proceed to use the implemented code to predict Jcoupling in two large novel molecular crystals containing silver atoms. 
Comparison of isotropic J-couplings in a number of small molecules calculated using norm-conserving pseudopotentials against calculations using Gaussian orbital basis sets, both at the non-relativistic level of theory and using the LDA exchange-correlation functional. Gaussian orbital values are from Ref. 40 .
A. Validation against existing quantum chemistry: Non-relativistic
Lantto, Vaara and Helgaker 40 provide a benchmark on 34 small molecules containing light atoms with a total of 60 couplings calculated using localised Gaussian orbital basis sets at the LDA, BLYP, B3LYP and MCSCF levels of theory along with some experimental values. Included in the light atoms is fluorine, which is notoriously 
FIG. 4. Comparison of isotropic J-couplings in a number
of small molecules calculated using ultrasoft pseudopotentials against calculations using Gaussian orbital basis sets, both at the non-relativistic level of theory and using the LDA exchange-correlation functional. Gaussian orbital values are from Ref. 40. difficult to treat well with density functional theory 41 . We have run the same calculations at a non-relativistic level of theory using both norm-conserving and ultrasoft pseudopotentials with the LDA functional and present the results in Tables I, II, III and IV and Figures 2, 3  and 4. As expected, the fluorine couplings perform poorly compared to experiment, particularly 1 J(F-C). In addition, they compare poorly to the Gaussian orbital basis set calculations. The majority of the difference between the pseudopotential calculations and the Gaussian orbital basis set calculations is from the Fermi-contact term contribution, suggesting that the origin of the disagreement might lie in the difficulty of constructing Gaussian basis sets with sufficient flexibility in the core to represent Fermi-contact coupling 42 , a problem that is circumvented with pseudopotentials when using the PAW transformed operator.
The root mean squared deviation (RMSD) agreements of, where available, experimental couplings with LDA Gaussian orbital, norm-conserving and ultrasoft calculations was 31.3, 23.5 and 22.7 Hz respectively. Excluding systems including fluorine gives RMSD agreements with experiment of 25.6, 20.9 and 17.6 Hz. Excluding systems involving sodium, the other significantly poorly performing element, gives RMSD agreements with experiment of 25.0, 19.2 and 20.0 Hz respectively. Excluding systems including both fluorine and sodium gives RMSD agreements of 11.5, 13.0 and 11.6 Hz respectively.
The RMSD agreements of Gaussian orbital LDA with norm-conserving and ultrasoft calculations was 42. This indicates that, by and large, norm-conserving and ultrasoft pseudopotential calculations give couplings favourably comparable to equivalent localised Gaussian orbital calculations and to experiment.
B. Validation against existing quantum chemistry: Relativistic
We make a comparison against a comprehensive benchmark performed by Moncho and Autschbach 28 on a set of 45 molecules containing sixth row elements. For this study they used the Amsterdam Density Functional code (ADF) at the scalar-relativistic and spin-orbit levels of ZORA theory and with both the PBE 43 (more precisely a mix of VWN 44 and PBE) and PBE0 45 functionals. As neither PBE0 nor spin-orbit effects have yet been implemented for the calculation of NMR parameters in periodic DFT calculations we compare only to their PBE scalar-relativistic ZORA calculations.
We now highlight some of the physical and numerical differences between the scalar relativistic approach used in Ref. 28 and our planewave-pseudopotential formalism. In Ref. 28 the SD term is neglected due to computational expense, however, we include it in our calculation. It is generally less than 1% of the final isotropic value, though in the case of WF 6 it accounts for 24% of the coupling.
The ADF calculations took V from four-component numerical Dirac equation calculations on isolated, neutral atoms. This potential was then used to determine K for a ZORA Hamiltonian. Similarly, in our implementation, K for each species of atom is determined by the all-electron potential of a four-component calculation on an isolated, neutral atom. This was then used to construct a scalar ZORA isolated atom and so generate an ultrasoft pseudopotential.
The norm-conserving relativistic potentials were generated with the atom code as maintained by José Luís Martins from four-component calculations, with the allelectron partial waves taking the spin-up electron state of the valence orbitals.
By using pseudopotentials we are implicitly using the frozen core approximation. While Moncho and Autschbach do not use the frozen core approximation, Autschbach 17 notes that the frozen core approximation yields almost the same couplings as the respective allelectron computations as long as a sufficiently complete basis set is used. We neglect finite nucleus effects, which can be relevant for row-six elements, as noted in Section II C. Finally, we also neglect solvent effects, which are included in the ADF calculations with the conductorlike screening model (COSMO) 46 . However, Moncho and Autschbach find that the COSMO model does not significantly improve the median relative deviations of couplings with experiment over the gas phase calculations and suggest that explicit solvent models are necessary. We also note that the main goal of our methodology is to compute J-couplings in solid materials, where solvent effects are not relevant. The PBE functional was used with a converged planewave basis set cut-off of 80 rydberg and a single k-point in each case. As we are implicitly using periodic boundary conditions, we must place the molecules in a supercell of sufficient size to reduce interactions between periodic images. A cubic cell size of (15Å) 3 is found to be sufficient in most cases. The calculated isotropic reduced couplings for tungsten, lead, mercury, platinum and thallium are shown in Tables V, VI , VII, VIII and IX respectively. Fig. 5 shows CASTEP and ADF calculations against experiment and Fig. 6 shows the CASTEP implementation against ADF. To be consitent with Ref. 28 in this section we report the reduced coupling constants in S.I. units (10 19 · T 2 · J −1 ). Considering the full set of compounds we find that, as expected, the non-relativitistic pseudopotential calculations show large deviation from experiment, with a RMSD of 4529.2, mean absolute deviation of 1352.3 and median absolute deviation of 224.1 × 10 19 · T 2 · J −1 . Using relativistic ultrasoft pseudopotentials and the ZORA formalism of Section II C significantly improves the agreement with experiment, giving a RMSD of 1215.2, mean absolute deviation of 511.6 and median absolute deviation of 87.6. These results are comparable to the equivalent results of Moncho and Autschbach 28 (1558.7, 517.8, 82.1). We also note that there is good agreement between the norm-conserving and ultrasoft pseudopotential results.
For tungsten containing molecules (Table V) , the performance of ultrasoft pseudopotentials was equivalent to the all-electron calculations, with marginally larger RMSD and smaller mean and median absolute deviations from experiment. Lead-containing molecules (Table VI) also gave equivalent performance for ultrasoft pseudopotentials, with marginally smaller RMSD, mean and median absolute deviations. Mercury-containing molecules (Table VII) have a significantly smaller RMSD, dominated by the size of the 2 J(Hg-Sn) coupling in IrCl(SnCl 3 )(HgCl)(CO)(PH 3 ) 2 , and smaller mean and median absolute deviations. Platinum-containing molecules (Table VIII) have a larger RMSD, mean and median deviations, largely due to the significant error in the 1 J(Pt-Pt) coupling in the charged molecules. We believe this error arises from the difficulty in treating charged systems with periodic boundary conditions and the influence of the solvation model on the all-electron couplings.
For thallium containing molecules (Table IX) , the statistics are poor compared to experiment and show some deviations from the all-electron results. It was previously found 28 that greater accuracy for couplings in thallium-containing molecules requires going to PBE0 and spin-orbit levels of theory. The reported couplings in molecules TlF, TlCl, TlBr and TI are taken from gas phase experiments and, except for TlI, are in good agreement with all-electron calculations. The 1 J(Tl-I) cou- pling exhibits a very large orbital current contribution, an order of magnitude larger than the total value, and a large Fermi-contact-like contribution with opposite sign. The couplings in the remaining thallium molecules are measured in solution; Tl 4 (OCH 3 ) 4 was in a toluene solvent and the rest in a water solvent. Calculations presented at the PBE0 and spin-orbit level of theory in Ref. 28 show that, in contrast to other elements, couplings in thallium containing molecules are significantly affected by the inclusion of solvent, with the mean absolute deviation going from 1163.0 to 737.1 when moving to the COSMO model. Neglect of solvation effects is hence likely to be the main source of disagreement between our results and all-electron couplings. Figure 7 , part of a family of compounds incorporating phosphorous atoms bonded via a silver atom, which is in turn bonded to a varying complex. These are useful model systems for studying J-coupling between a heavy atom and a lighter atom. The J-couplings were experimentally measured with 31 P CPMAS NMR by Bowmaker et al. 47 and are quoted for both 107 Ag and 109 Ag when the two splittings were distinguishable. When converted to reduced couplings this gives a range of values, which could be considered as an indication of the error in the measurements. Table X We have calculated J-couplings using both nonrelativistic theory and ZORA scalar-relativistic theory with ultrasoft pseudopotentials for both structures with a 80 rydberg kinetic energy cutoff and a single k-point with primitive cells containing 148 atoms and 296 atoms respectively. Table X shows the calculated couplings. Two sets of calculations for each structure are given: one for which only the hydrogen atomic positions have been optimized; and the other for which all atomic positions have been optimized, both using ultrasoft pseudopotentials with an energy cut-off of 50 rydberg. In both cases the lattice vectors were kept fixed to their experimental values. To illustrate the cost of treating such a system, each calculation at a single perturbing atom took approximately 4,500 seconds for (Ph 3 P) 2 Ag(O 2 COH) and 25,000 seconds for [{(Ph 3 P) 2 Ag} 2 (CO 3 )]·2H 2 O on a cluster containing four dual-quad core Intel Xeon E5620 processors, giving a total of 32 cores.
When a relativistic pseudopotential is used on the silver atom the 2 J( 31 P-31 P) couplings are in good agreement with experiment. The difference in 2 J( 31 P-31 P) coupling between the relativistic and non-relativistic cases demonstrate indirect effects in the J-coupling caused by changes in the ground state electronic structure due to use of a relativistic pseudopotential on the silver atom, as noted in previous studies involving twobond couplings through a heavy ion 16 . The 1 J( 107/109 Ag-31 P) couplings are in reasonable agreement with experiment when ZORA-level corrections to the operators are applied. The computed couplings agree better with the lower end of the quoted experimental ranges. The 1 J( 109 Ag-31 P) couplings demonstrate direct effects due to use of ZORA operators when performing the perturbation as well as indirect ground state electronic structure effects. Performing a full optimization of all the atomic positions gives only a small improvement in the calculated couplings. For [{(Ph 3 P) 2 Ag} 2 (CO 3 )]·2H 2 O, the calculations give a spread of 1 J(Ag-P) couplings corresponding to the four crystallographically distinct phosporous sites -experimentally only a single coupling was determined, presumably an average value.
IV. CONCLUSIONS
We have presented a method for the calculation of Jcoupling tensors for systems containing heavy elements using state-of-the-art ultrasoft pseudopotentials which gives accuracy comparable to existing quantum chemistry methods at the same level of theory. The use of pseudopotentials allows fewer electrons to be explicitly treated, and we have shown that the treatment of relativity using the ZORA approach allows cheap corrections to be made using PAW. This allows calculations of J-coupling tensors between heavy ions in periodic and molecular systems containing hundreds of atoms.
V. SUPPLEMENTARY MATERIALS
Compressed archives of calculation input and output files, including structures and magnetic resonance tensors, are available online for the nonrelativistic benchmark 48 , relativistic benchmark 49 and silver-containing molecular crystals 50 . 
